The understanding of the geochemical and petrophysical evolution of magmas forming intermediate calc-alkaline batholiths at shallow crustal levels critically depends on knowledge of the phase equilibria relations along the liquid line of descent.
Introduction
Calc-alkaline magmatism represents the dominant process of igneous activity at active continental margins. Calc-alkaline rocks are typically rather oxidised and water-bearing and reveal a silica enrichment trend with ongoing differentiation. Because of the characteristic occurrence of calc-alkaline magmatism at active tectonic margins it is intimately related to the generation and evolution of continental crust. New continental crust is typically formed at convergent plate Communicated by Mark Ghiorso.
Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0041 0-019-1619-x) contains supplementary material, which is available to authorized users. margins through intrusion of deeper sourcing magmas into the overlying plate (e.g. Gill 1981 ; Kay and Kay 1991; Rudnick 1995) . Thereby, tonalites and their volcanic equivalents andesites represent by far the most common rock-types (Gill 1981) .
To date, a significant amount of experimental studies on intermediate composition tonalites and andesites were conducted at rather high pressures in the range of 0.7-3.0 GPa investigating the petrogenesis of tonalitic/andesitic liquids in the lower crust or even within the mantle wedge (e.g. Green 1972; Wyllie et al. 1976; Alonso-Perez et al. 2009; Nandedkar et al. 2014; Ulmer et al. 2018) . Meanwhile, detailed investigation of the late-stage petrologic evolution of tonalitic melts intruding and constituting the upper crust started in the 1970s with few pioneering studies (e.g. Piwinskii 1968 Piwinskii , 1973 Piwinskii , 1975 Eggler 1972; Eggler and Burnham 1973; Sekine et al. 1979 ) that, however, lack significant petrological information such as chemical compositions of residual liquids and mineral phases. Therefore, additional experimental constraints are required on the crystallisation behaviour and compositional changes of mineral phases as well as the evolution of the chemical composition of residual melts along the entire liquid line of descent. Piwinskii (1968) , (1973) and Piwinskii (1975) presented the sole P-T phase diagrams for various granitoid compositions (tonalitic to granitic) covering the entire temperature range from liquidus to solidus. Contrasting with most other studies, the stability fields of low temperature, lately crystallising phases such as biotite, quartz and alkali-feldspar are explicitly described. Nevertheless, his results are insufficient to explain relevant aspects of the underlying phase equilibria. A major drawback is the lack of any compositional data of crystallising phases (e.g. pyroxene, amphibole or plagioclase) or glasses (corresponding to quenched experimental melts). Furthermore, residual melt fractions were only estimated visually and no information are given regarding relative proportions of individual solid phases. In addition, oxygen fugacity was not consistently controlled for all runs performed, leaving the presented data not without any doubt concerning their suitability to explain in a generalised way the magmatic evolution of tonalitic systems. Numerous studies revealed that oxygen fugacity plays a crucial role in controlling phase relations in calc-alkaline magmatic systems (e.g. Sisson and Grove 1993) .
The vast majority of experimental studies on intermediate magmas performed more recently, e.g. Moore and Carmichael (1998) , Hammer et al. (2002) , Rutherford and Devine (2003) , Botcharnikov et al. (2008) or Andújar et al. (2016) investigated considerable temperature ranges (100-150 °C), but concentrated on near-liquidus phase assemblages for a variety of natural andesites in order to determine the origin of phenocrysts in natural rocks and, thus, constrain pre-eruptive magma storage conditions. These studies contributed crucial data on the differentiation of intermediate calc-alkaline magmas at upper crustal conditions, but since major focuses were on investigating near-liquidus phase equilibria their application to the differentiation of upper crustal tonalitic intrusions is limited since no further implications on the course of crystallisation at temperatures distinctively below the liquidus (< 850 °C) were established. Martel et al. (1999) conducted detailed investigations at pressures corresponding to upper crustal levels, but mostly concentrated on the influence of elevated fO 2 on general phase equilibria. More recently, experimental research, for example by Cottrell et al. (1999) , Scaillet and Evans (1999) , Costa et al. (2004) , Holtz et al. (2005) or Cadoux et al. (2014) , focussed on more evolved dacitic systems (e.g. Mt. Pinatubo, Santorini or Mt. Unzen) and provided substantial new data on near-liquidus phase equilibria for these more differentiated rocks. Their results are essential to understand the liquid line of descent of calc-alkaline systems and how silica-rich residual liquids are generated. However, small differences in bulk compositions between dacites and andesites result in distinct differences regarding the stability fields of Fe-Mg-Ca bearing mafic minerals (Cottrell et al. 1999 , Cadoux et al. 2014 . Thus, comparison of these studies with compositions and stability ranges of mafic phases (amphiboles and pyroxenes) in tonalitic systems is limited and not warranted.
The aim of this study was to investigate the equilibrium crystallisation of a tonalitic system with excess water at lowpressure conditions of 200 MPa, corresponding to upper crustal levels (5-6 km depth) from liquidus to near-solidus conditions. In addition to phase proportions, compositions of crystallising minerals and coexisting residual melt were determined to provide insight into the chemical and rheological evolution of intermediate calc-alkaline intrusions in shallow-level magma reservoirs. An auxiliary part of the study concerned the solubility of Zr in the evolving liquids in order to (1) test existing Zr solubility models applied to predict the onset of zircon crystallisation in intermediate to felsic magmas and (2) to model the evolution of Zr concentration and zircon saturation in the granitoids rocks of the Southern Adamello Batholith.
Methods

Starting materials and capsule design
For this study, a natural, medium-K tonalite from the Adamello Batholith, the largest Tertiary calc-alkaline intrusion in the Alps, was employed as starting material. Rock powder, originally produced for X-ray fluorescence bulk chemical analysis (XRF), obtained from Verberne (2013), was ground and homogenised in an agate mortar under ethanol together with small amounts of natural zircon powder Page 3 of 29 84 (corresponding to 1500 ppm of zirconium in the final mixture). Table 1 (Electronic Supplementary Material ESM 1) displays the chemical composition of the natural starting material TML (sample 63.1.1) determined by XRF (Verberne 2013) . Zirconium was added to test existing zircon saturation models (Watson and Harrison 1983; Boehnke et al. 2013; Gervasoni et al. 2016; Borisov and Aranovich 2019) for their applicability to intermediate to felsic magmatic systems. Experiments were conducted in Au 90 Pd 10 or Au 100 capsules with an outer diameter of 2.3 mm. Capsules were loaded with approximately 20 mg of starting material and specific amounts of deionised H 2 O, corresponding to a free water content of 6 wt% in the final charge to assure water-saturated run conditions. After filling, capsules were carefully sealed by arc welding. Capsules were tested for tightness by either heating them in a furnace at 110 °C or submerging them in acetone for minimum 1 h. If no weight change was detected after these procedures, capsules were considered tight.
Due to the employment of a natural starting material, chemical disequilibrium in the experimental charges significantly increased in the temperature range of 900-825 °C (exemplified by the presence of only partly reacted/equilibrated mineral relicts, see "Results" section). Therefore, the standard experimental setup was modified for runs conducted at temperatures ≤ 800 °C (referred to as "low-temperature runs" throughout the remainder of this manuscript). First, homogenous glasses were pre-synthesised from the natural rock powder by running experiments at 1050 °C for 12 h in HCM externally heated pressure vessels at 200 MPa employing 4 mm Au 90 Pd 10 capsules containing the TML starting material plus 6 wt% of deionised water. After rapid quenching, the fused glass was carefully extracted from the metal capsule and ground in an agate mortar. Few glass fragments were mounted in epoxy resin and checked under a reflected-light microscope and a scanning electron microscope (SEM) for the presence of any crystals. Compositions of the synthesised glasses were determined by electron probe micro-analyser (EPMA) and are reported in Table 1 (renormalised to 100 wt% on an anhydrous basis). TML_SM1, TML_SM2 and TML_SM3 correspond to different glass synthesis runs. Comparing the natural rock powder TML with the synthesised glasses reveals that compositions are basically identical. Iron loss to the capsule metal was minor amounting to maximum 11% relative to the initial value. These glass powders were then subsequently mixed with 2 wt% of fine-grained natural anorthite (x An = 0.95, Miyake Jima, Japan, (Amma-Miyasaka and Nakagawa 2002)) and 1 wt% of kaersutite amphibole (Chain de Puys, France) as seed crystals to enable plagioclase and amphibole to crystallise as sizeable overgrowth rims instead of nucleating widely dispersed in the groundmass. The idea behind this approach is to facilitate the measurement of experimental amphiboles and plagioclases as well as to increase the chance of finding melt pools large enough for analysis. These mixtures were then carefully homogenised in an agate mortar and utilised as starting material for the low-temperature experiments.
In the experiments performed ≤ 775 °C (FM53, FM54, FM58 and FM70), a layer of fine-grained zircon crystals was added to the tonalitic charge in order to serve as a melt trap (similar to the diamond trap approach established by Hirose and Kushiro (1993) ) allowing the formation of melt pools large enough for reliable EPMA analysis. Since zircon saturation was already obtained at 975 °C, the employment of additional natural zircon had no influence on phase equilibria and phase compositions.
Experimental run procedure
Melting experiments were performed in externally heated HCM pressure vessels at the Institute of Geochemistry and Petrology, ETH Zurich. Argon was utilised as pressure medium and oxygen fugacity was constrained at NNO (nickel-nickel oxide buffer) using methane as a reagent component buffering the hydrogen fugacity of the system and, thus, under water-saturated conditions, oxygen fugacity. The general procedure was to pressurise the vessels with gas at room temperature to about half of the final run pressure. During subsequent heating, gas pressure increased due to thermal expansion to the final target level. Thus, the modification of pCH 4 under run conditions was not possible. Consequently, the attainment of desired oxygen fugacity levels was not warranted and Co-Pd redox sensors (Taylor et al. 1992) were utilised to monitor experimental fO 2 and assure that desired conditions were attained. We developed a new, modified calibration equation for the Co-Pd-CoO system extending the original equation from Taylor et al. (1992) with a pressure correction term (Pownceby and O'Neill 2000) and a reformulated expression for the Gibbs free energy of the Co-CoO buffer (O'Neill and Pownceby 1993) . For more information and formula derivation, see Electronic Supplementary Material ESM 2. Each experimental run consisted of two separate capsules, one containing the tonalitic charge and another one with the redox sensor assembly. Equilibration temperatures were varied between 700 and 1000 °C in discrete steps of 25 °C and monitored with K-type thermocouples. 2σ errors on the temperature calibrations for the employed pressure vessels are below 10 °C and pressure was controlled at 200 MPa with a maximum deviation of ± 2 MPa. Run durations varied between 24 h for high-temperature runs (950-1000 °C) and more than 100 h for experiments at temperatures ≤ 900 °C. Run durations represent a compromise between time required to ensure close approach to chemical equilibrium and minimising hydrogen loss from the argon-methane pressure medium buffering oxygen fugacity in order to maintain constant fO 2 -conditions during the entire duration of the run. Experiments were quenched by tilting the almost horizontally oriented vessel by 90° allowing the capsules to fall into the cold end resulting in an instantaneous quench with cooling rates exceeding 100 °C/s. Experiments above 800 °C were directly heated to experimental temperatures and then kept at the equilibration conditions for the entire run duration. For the low-temperature experiments containing the seeded glass starting materials, run protocols deviated: to enhance plagioclase/amphibole crystallisation on the anorthite/kaersutite seeds and dissolve fine-grained plagioclase/amphibole crystals nucleating directly from the starting material glass, temperature cycling was performed in the initial phases of the experiments. For run FM18 conducted at 800 °C, the procedure was as follows: the charge was initially heated to 900 °C and partly molten for 4 h. In a next step, temperature was reduced to 800 °C (20 °C/h cooling rate) and kept 12 h at this level. Subsequently, temperature was increased again to 850 °C (25 °C/h heating rate) and after a 1 h dwell time reduced to 800 °C. Finally, after another 12 h at 800 °C, a last cycle was run to 825 °C. After this procedure, the experiment was kept at the equilibration temperature (800 °C) for 100 h. For the other low-temperature experiments, run protocols were similar, but were adapted individually. Experimental pressure had to be adjusted during this procedure to attain a constant pressure. This, however, had the consequence that partial pressures of methane were constantly modified rendering precise control of oxygen fugacity impossible for these runs.
Sample preparation and analysis
Recovered experimental capsules were cleaned with ethanol and subsequently weighed to detect possible water loss. Experiments, whose capsules did not reveal any significant weight change were considered successful, mounted in epoxy resin and longitudinal sections through the middle of the capsule were exposed by grinding. Thereafter, run charges were polished with diamond suspensions (finest grade of 1.0 or 0.25 μm) and coated with 20 nm of carbon for analysis. Specimens were in a first step analysed with a JEOL JSM-6390 scanning electron microscope coupled with a standardised Thermo Fisher NORAN NSS7 Energy Dispersive Spectroscopic system with a 30-mm 2 silicon-drift detector (SDD) (SEM-EDS) at the Institute of Geochemistry and Petrology, ETH Zurich. Acceleration voltage for imaging and measurements was set to 15 kV. In a second step, major phases (glass, plagioclase, pyroxenes, amphibole and biotite) were analysed with a JEOL-JXA 8200 electron probe micro-analyser (EPMA) at the Institute of Geochemistry and Petrology, ETH Zurich applying an acceleration voltage of 15 kV. Pyroxenes and amphiboles were analysed with a beam current of 20 nA and a focussed beam, plagioclases and biotites with a focussed beam and a beam current of 4 nA and residual glasses with a beam diameter of 10 μm and a beam current of 2 nA. Identical peak and background acquisition times were employed. Na and K were always analysed first to minimise alkali migration. Measurement times for sodium were 10 s for glasses and plagioclases and 15 s for pyroxenes and amphiboles. Potassium was always measured for 15 s and measurement times for all other elements varied between 20 and 40 s, depending on the particular analysis setup. Raw data were corrected with the PRZ algorithm (Goldstein et al. 1981) .
Zr contents of experimental glasses were measured with a ASI Resolution 193 nm ArF excimer laser equipped with a Laurin Technic 155 constant geometry 2-volume ablation cell coupled to a Thermo Element XR sector-field ICP-MS at the Institute of Geochemistry and Petrology, ETH Zurich. The laser repetition rate was 5 Hz and the laser energy was about 80 mJ. Background and ablation signal were measured with an acquisition time of 30 s each. Helium with a current flow of 0.5 l/min served as cell gas to transport the plasma into the mass spectrometer. A laser spot size of 13 µm was chosen to allow analyses of small melt-spots. The standard reference material NIST 610 served as primary external standard and the material GSD-1G, was used as secondary standard to ensure quality control of measurements. These external standards were measured distributed over the entire laser ablation series to correct for any time drift effect of Page 5 of 29 84 the mass spectrometer. Raw data were processed using the MATLAB program SILLS (Guillong et al. 2008) , where CaO (in wt%, measured by EPMA) served as internal standard to quantify the ablation signals.
Results
All experiments consisted of residual melt quenched to a homogeneous glass and variable proportions of mineral phases. The persistent occurrence of vapour bubbles confirms that experiments were performed under fluid-saturated conditions. Identified mineral phases are plagioclase (plag), orthopyroxene (opx), clinopyroxene (cpx), amphibole (amph), apatite (ap), ilmenite (ilm), magnetite (mt), ulvospinel (ulvsp), biotite (bt), quartz (qtz) and zircon (zr). An overview of the experiments including run conditions, mineral assemblages and phase proportions is given in (ap, ilm, mt, ulvsp and zr) were identified by SEM-EDS since chemical compositions could not be determined by EPMA due to small grain sizes (< 5μm). Oxygen fugacities calculated from Co-Pd redox sensor compositions varied around NNO ± 0.5 implying that aimed experimental fO 2 conditions were obtained. Figure 1a , b illustrates the typical appearance of run products performed either on the natural rock powder starting material ( Fig. 1a ) or on the seeded pre-synthesised glass powders ( Fig. 1b ).
Run appearances
Experimental run products are characterised by a homogeneous appearance with a uniform spatial distribution of mineral phases. Orthopyroxenes crystallised as distinct idiomorphic needles, whereas clinopyroxene grains are of rather isometric shapes. In runs conducted with the powdered natural rock, amphibole crystals typically consist of a relic core of natural amphibole (showing cleavage and turbid surfaces) and overgrowth rims of amphibole in equilibrium with the residual melts ( Fig. 1c ). Depending on experimental temperatures, thicknesses of the crystallised rims varied, with larger rims at higher temperatures. Beside the large grains, smaller, newly grown, amphibole crystals were found dispersed in the groundmass of the experimental charges whose compositions are identical with the overgrowth rims.
In the experiments where kaersutite seeds were used, equilibrium amphibole overgrowth rims amounted to 5-15 μm (Fig. 1b) . The common presence of melt inclusions indicates that rims crystallised relatively fast. Kaersutite seed crystals do not exhibit crystal morphology due to mechanical damage during starting material preparation and occasionally show weak resorption related to the temperature cycling procedure. The effect of partial dissolution of seed crystals on the bulk system composition was assumed to be minor, thus having no influence on phase equilibria and compositions of crystallising minerals. Weak zonation of amphibole seed overgrowth rims was identified sporadically in the experiments at 750, 725 and 700 °C and attributed to temperature cycling. Compositions of the outermost zones are interpreted to represent equilibrium, while inner zones formed at higher temperature plateaus. Additionally, very fine-grained intergrowth of hornblende with cummingtonitic/actinolitic amphibole was recognised in these lowtemperature runs. Reliable chemical compositions of these phases could not be obtained due to their very fine-grained nature. Magmatic cummingtonite has previously been described in several studies on differentiated plutonic (e.g. Callegari 1966; De Capitani and Liborio 1990 ) and volcanic systems (e.g. Ewart et al. 1975; Smith and Leeman 1982; Shane et al. 2005) . Geschwind and Rutherford (1992) investigated experimentally the stability of cummingtonite in the Mount St. Helens dacite and concluded that cummingtonite substitutes for orthopyroxene at temperatures below 790 °C leading to the mafic phase assemblage cummingtonite and hornblende. Furthermore, Evans and Ghiorso (1995) and Ghiorso et al. (1995) studied the thermodynamics of cummingtonite in the system FeO-MgO-SiO 2 -H 2 O and concluded that at fO 2 conditions close to NNO and a pressure of 200 MPa, orthopyroxene coexists with cummingtonite over a small temperature window (ca. 760-740 °C), before being completely replaced by amphibole. In contrast, in our experiments, orthopyroxene, cummingtonite and hornblende appear to coexist over a considerably wider temperature range (775-725 °C). This difference is most likely related to the more complex bulk system of our tonalitic composition (additional components compared to FMSH and more mafic than a dacite), leading to an expansion of the coexistence field of ferromagnesian silicates.
At high temperatures (above 875 °C), plagioclase crystals are of small sizes with homogeneous compositions and hypidiomorphic shapes while at intermediate temperatures (825-875 °C) grain morphologies become complex with visible resorption phenomena and heterogeneities in chemical compositions, expressed as patchy arranged zones of various grey scales in a BSE image for one single plagioclase grain ( Fig. 1d ). Brighter zones, predominantly present in the outer parts or rims of plagioclase crystals were interpreted to be in equilibrium with the residual melts while the darker and, thus, more albitic cores or zones were inferred to represent decomposing relic plagioclases from the powdered natural rock. Distinction of these two zones based on chemical compositions was not straightforward since it was not persistently possible to identify two populations of plagioclase compositions but rather a range between two endmembers. Additionally, plagioclase crystals with higher anorthite contents than equilibrium rims (x An > 0.9) were found in some experiments and are interpreted to represent residual cores of natural strongly zoned plagioclases, typically found in these tonalitic rocks (e.g. Blundy and Sparks 1992) . In runs conducted with the seeded glass starting material (≤ 800 °C), plagioclase formed (1) very fine-grained lathshaped crystals dispersed in the melt and (2) overgrowth rims on the anorthite seeds (5-10 μm in extent, Fig. 1b ). Biotite crystallised as small platelets, while quartz crystals are of hypidiomorphic, isometric shape. Ilmenite formed very small needle-like crystals of less than 10 μm length finely dispersed in the groundmass. In some run charges, ilmenite aggregates composed of small individual crystals were found in addition and interpreted to be related to the replacement of natural biotite grains and re-crystallisation of the iron and titanium components as ilmenite during the experiments. Magnetite identified at 900 °C (FM9) crystallised euhedrally along the capsule walls but was not found as single crystals within the groundmass, while at 700 °C magnetite forms small isometric crystals. Ulvospinel grains in the 850 and 825 °C runs are of xenomorphic shape resembling skeletal crystals which we interpret to result from to the replacement of partly resorbed natural magnetite grains. Apatite grains were commonly rather large and of xenomorphic shapes and, thus, represent partly dissolved apatite crystals from the natural starting material. Zircons appear as small xenomorphic grains finely dispersed in the experimental charges and correspond to non-dissolved zircons added to the starting material indicating that zircon saturation was reached.
Phase assemblage and phase proportions
Phase proportions were calculated employing the nonweighted, least-squares regression algorithm implemented in Microsoft Office EXCEL based on EPMA/SEM-EDS analyses of the residual melts and coexisting minerals as well as the bulk rock composition of the starting material. Mineral phases which were only present in trace amounts Page 7 of 29 84 were discarded for the regression procedure to improve fitting quality and to minimise uncertainties on calculated phase proportions. For ilmenite and magnetite, compositions determined by SEM-EDS were employed for calculations since their small grain sizes made reliable analysis by EPMA impossible. For runs where plagioclase and amphibole crystals exhibited a core/rim zonation, average plagioclase and amphibole compositions were calculated from individual rim and core analyses. Relative proportions of rims (and cores) were estimated based on BSE images. The presence of mineral cores was tested for its influence on mass balance calculations and no significant impact on the resulting proportions was found. For charges lacking an Fe-Ti-oxide phase, nominal iron loss was calculated by treating the iron alloying with the capsule metal as an additional phase with a composition of 100 wt% FeO. Fe-loss to the capsule walls was established to be below 16.5% with respect to the initial iron content of the starting material. For the low-temperature experiments (700-800 °C) that were performed on the presynthesised glasses, minimum values of iron loss can be established by calculating the amount of FeO lost to the capsule walls during starting material glass synthesis at 1050 °C. Comparing the composition of the initial starting material TML with EPMA analyses of the recovered glasses yields relative Fe-losses between 9.3 and 10.8%. We imply that final Fe-losses of the low-T runs were not much higher than these initial values since iron alloying with capsule walls is distinctly reduced at low-temperature conditions (Ratajeski and Sisson 1999; Barr and Grove 2010) and some of these experiments were additionally performed using pure Au capsules (700-775 °C). Standard errors on calculated phase proportions are provided in Table 2 and result maximum values of about 1.5 wt% for plagioclase and residual melt and 3.5 wt% for the mafic phases. Phase proportions of experimental runs between 850 and 700 °C were additionally established by image processing employing BSE images of the entire charges and the software ImageJ and results agree well with calculated proportions derived by mass balance regression. However, it has to be emphasised that image processing only provides estimates as area fractions have to be converted to volume fractions (and mass fractions). Additionally, analysis of the low-temperature runs was rather challenging due to the very fine-grained morphology of the charges.
Calculated modal phase proportions (in wt%) are illustrated in Fig. 2 . It should be noted that this bar diagram does not strictly reflect stability ranges of crystallising phases since mass balance calculations were simplified ignoring accessory phases such as apatite or a mafic mineral phase being only present in trace amounts, indicating that experimental conditions were close to the mineral's stability limits. Reported specific fractions of mafic minerals (cpx, opx and amph) are not considered to be fully quantitative, but rather have to be treated with care, especially since calculation procedures have shown that the regression is quite sensitive to small changes in mafic mineral compositions resulting in overestimation of the proportion of one specific mafic phase at the expense of the other coexisting ones.
The liquidus of the investigated composition was identified slightly below 990 °C. At 975 °C, orthopyroxene, clinopyroxene and plagioclase are stable and represent near-liquidus phases. Residual melt fractions decrease nearly linearly with decreasing temperature from 1000 to 875 °C, accompanied by a continuous increase in plagioclase contents. In the temperature range 850-750 °C a plateau of 50-40 wt% residual melt is present. Pyroxene fractions display a constant increase to 925 °C, and diminish abruptly between 925 and 900 °C, where a significant decrease in opx contents and the disappearance of cpx coincide with the occurrence of amphibole joining the solid-phase assemblage, indicating a peritectic relationship, where amphibole is produced by the reaction of pyroxenes with residual liquid. No clear trend regarding modal proportions is evident for amphibole and orthopyroxene between 900 and 725 °C. Amph contents vary between 7 and 17 wt% and opx from 4 to 9 wt%. This behaviour is interpreted to result from the inability of the linear regression algorithm to distinguish properly between mafic phases and is not related to any changes in phase equilibria. Ilmenite starts crystallising at 900 °C together with apatite and, overall, shows a continuous increase in modal abundance with decreasing temperature. Due to some iron loss to the noble metal capsules, ilmenite contents are probably slightly overestimated, especially at higher temperatures, where Fe-loss is expected to be more prominent. Magnetite or ulvospinel was present in the experiments at 900 (FM9), 850 (FM11), 825 (FM12) and 700 °C (FM70). The inconsistent stability of spinel can be related to small variations in experimental fO 2 due to imperfect control of oxygen fugacity in the employed pressure vessels. Biotite starts to crystallise between 775 and 750 °C with phase proportions increasing to 10 wt% at 700 °C. Orthopyroxene disappears between 725 and 700 °C, while quartz saturation is reached at 725 °C. The crystallisation of quartz (and biotite) in the two lowest temperature experiments results in a rapid decrease of residual melt fractions from nearly 40 wt% at 750 °C to 12 wt% at 700 °C. Zircon was present in all experiments below 975 °C, but is absent at 990 and 1000 °C.
Approach to equilibrium
Based on the following observations, we assume that chemical equilibrium between crystallised minerals and coexisting residual melts was approached in our experiments: (1) run durations of up to 247 h (low-T runs) seem to be sufficient to reach near-equilibrium conditions. (2) Observed mineral phases as well as residual melts result homogeneous (3) Residual melts and minerals exhibit consistent chemical evolution trends with ongoing differentiation. (4) In all experiments, sufficient melt phase was present (> 12 wt%) to ensure chemical interaction of crystallising phases. The occasional presence of relic crystal cores originating from the natural rock powders (amphiboles and albite-rich plagioclase zones) indicates that in some experiments on the natural rock powder only local equilibrium (Pichavant et al. 2007 ) was achieved. However, based on the consistent compositional mineral trends, we assume that the presence of some relic cores exerts negligible influence on the overall phase equilibria observed in the experimental charges. This issue of only partly reacted starting material components was avoided for the lowest-T runs using a pre-synthesised glass, but due to the sluggish kinetics in highly evolved magmatic systems (Piwinskii and Martin 1970; Johannes 1980; Scaillet et al. 1995) complete attainment of chemical equilibrium cannot be warranted for these experiments. Temperature cycling did not have a major influence on general phase equilibria, since mineral disequilibrium growth could only be identified as minor zonation of overgrowth rims on amphibole seed crystals in experiments at 750, 725 and 700 °C, where the compositions of inner zones can be linked to previous cycling temperatures (compositions of these zones match roughly experimental amphiboles stable in runs at higher temperatures). (5) Consistent Ca-Na exchange distribution coefficients (K D Ca/Na ) between plagioclases and residual melts are an additional important criterion to test experimental run products for the attainment of equilibrium (Grove et al. 2003) . The fitting procedure for the exchange K D Ca/Na between plagioclase analyses and residual melt yielded a value of 5.84 ± 0.34 for the temperature range 800-975 °C and 2.05 from 775 to 700 °C (Fig. 3) . The Ca-Na K D established for 800-975 °C perfectly agrees with an exchange K D Ca/Na of ~ 5.5 for a basalt at water-saturated conditions and a pressure of 200 MPa observed by Sisson and Grove (1993) . However, several other studies performed on more evolved bulk compositions (e.g. Martel et al. 1999; Scaillet and Evans 1999; Costa et al. 2004 ) report variable K D Ca/Na 's between 1.8 and 4.8 indicating that other parameters (such as bulk system and/or liquid composition) additionally influence the partitioning of CaO and Na 2 O between plagioclase and residual melt. However, with increasing differentiation towards high-silica rhyolites, the Ca-Na K D diminishes significantly to a value around 2.05 ± 0.30. The same behaviour was observed by Ulmer et al. (2018) in their fractional crystallisation experiments on hydrous arc magmas, where K D Ca/Na 's varied from 4.4 to 5.0 at temperatures higher than 800 °C but decrease to 1.8-2.2 between 720 and 800 °C.
Calculated Fe-Mg exchange coefficients (K D Fe/Mg ) between amphiboles and pyroxenes and residual liquids are consistent at experimental temperatures above 825 °C. At lower temperatures, Fe-Mg exchange K D 's could not be fitted for amphibole and orthopyroxene due to high analytical uncertainties on (Fe/Mg) melt ratios. Observed mean K D Fe/Mg 's of orthopyroxene of 0.322 ± 0.017 and clinopyroxene of 0.180 ± 0.059 deviate from previously published values for a slightly more mafic Mg-andesite system of 0.24 for opx and cpx (Grove et al. 2003) . Likewise, Martel et al. (1999) reported Fe-Mg exchange coefficients of 0.26-0.27 for orthopyroxene and 0.25 for clinopyroxene. Calculated Fe-Mg K D 's for clinopyroxene for Andújar et al. (2016) and Cadoux et al. (2014) vary between 0.18 and 0.26 and, thus, partly overlap with our data. Our exchange coefficient for amphiboles (0.243 ± 0.021) is significantly lower than the value of 0.32 established by Grove et al. (2003) , the range from 0.30 to 0.38 identified by Sisson and Grove (1993) Martel et al. (1999) for moderately oxidising conditions. However, it roughly agrees with calculated values for synthesised amphiboles by Scaillet and Evans (1999) , Costa et al. (2004) and Cadoux et al. (2014) , which scatter between 0.08 and 0.39. Deviations of Fe-Mg K D 's of this study from literature values are interpreted to be related to variations in studied bulk system compositions and fO 2 conditions as all studies report Fe-Mg exchange coefficients based on ferrous iron only.
In summary, the internal consistency of established mineral-melt exchange coefficients for Ca-Na and Fe-Mg at high temperatures (825-1000 °C) points towards attainment of phase equilibria in the performed experiments. At low temperatures (700-800 °C) the situation is less clear since the K D Ca/Na for plagioclase decreases to a lower value, although this behaviour has already been observed by previous studies.
Compositions of major phases
Residual liquids
Except for the lowest temperature experiments, melt pools were sufficiently large to enable representative EPMA analyses that did not suffer from extensive diffusional Na-loss during measurements. Even with the employment of zircon melt traps, residual melt-spots were rather small in experiments FM18, FM53 and FM54 limiting the quality of the liquid analyses to some extent. Therefore, melt compositions at 800, 775 and 750 °C exhibit some scatter resulting in slight deviations from the generally smooth evolution trends for some oxide components (e.g. TiO 2 , MgO or K 2 O). Figure 4 illustrates the compositional evolution of residual liquids with decreasing temperature.
With progressive differentiation, controlled by the crystallisation of mineral phases, experimental liquids become continuously enriched in silica ( Fig. 4a ). Likewise, Al 2 O 3 , MgO and CaO exhibit a uniform decrease with decreasing temperature (Fig. 4c , e, f), consistent with the progressive crystallisation of mafic minerals (pyroxenes and/or amphibole) together with relatively anorthite-rich plagioclase. TiO 2 (Fig. 4b ) exhibits an initial increase followed by a continuous decline at temperatures below 925 °C coinciding with the stabilisation of an Fe-Ti-oxide phase (ilmenite) between 925 and 900 °C being responsible for the sharp bend of the trend. Note that stability fields of Fe-Ti-oxide phases strongly depend on fO 2 conditions and that our experiments were relatively reducing (predominance of ilmenite as oxide phase). The relative position of the TiO 2 bend could, therefore, change with more oxidising or reducing conditions occurring at higher and lower temperatures, respectively. Fluctuations of FeO tot contents of the liquids at highest temperatures (975-925 °C) are related to variable extent of iron loss to the capsule walls and are followed by a continuous decrease at temperatures ≤ 900 °C (Fig. 4d ). K 2 O reveals a continuous enrichment with ongoing differentiation down to 700 °C illustrating its incompatible behaviour in the studied magmatic system (Fig. 4h ) with the exception of the last three experiments where biotite is stable and the curve flattens. The evolution pattern of sodium does not exhibit a simple trend but is characterised by an initial increase to 900 °C followed by an irregular decrease (Fig. 4g) . The bend at 900-925 °C is most likely related to the combination of the stabilisation of an albite-rich component in the crystallising plagioclase and to a minor extent to the co-precipitation of Na-bearing amphibole, depleting the residual melt continuously in Na 2 O, consistent with the evolution of experimental plagioclase compositions towards lower anorthite contents with decreasing temperature. The observed final increase from 725 to 700 °C results from the precipitation of quartz leading to a re-enrichment of sodium in the remaining liquid. All derivative liquids in this study are quartz-normative. In terms of alumina saturation, it is, however, worth noting that with decreasing temperature, residual melts evolve from metaluminous to slightly peraluminous compositions between 925 and 900 °C ( Fig. 5 ), i.e. they become corundum normative. The molar alumina saturation index (ASI = Al 2 O 3 /(CaO + Na 2 O + K 2 O)) of residual liquids ranges between 0.91 (starting material) and 1.08 (run FM70 at 700 °C).
Zirconium contents of pre-synthesised starting materials and experiments spanning the temperature range 800-1000 °C were measured by LA-ICP-MS and are reported in Tables 1 and 3 and plotted in Fig. 6 . The synthesised starting material glasses as well as the runs above zircon saturation, which was reached around 975-950 °C, show a homogeneous bulk Zr-composition between 1340 and 1490 ppm (illustrated by the grey bar). At lower temperatures, melt zirconium contents exhibit an exponential decrease to 100 ppm at 800 °C. No attempts were made to measure residual glasses in the experiments at lower temperatures, since (1) glass pockets were too small for the laser beam and (2) the presence of the zircon melt trap would have resulted in strongly contaminated ablation signals. The consistent decrease of Zr-melt contents with temperature indicates close approach to equilibrium in terms of zircon saturation. Melt Zr contents were obtained through (partial) dissolution of natural zircon crystals added at a concentration level of 1500 ppm in the experiments from 975 to 825 °C that occurred sufficiently fast with respect to run durations. Approach to equilibrium is further supported by the experiment at 800 °C which was conducted with pre-synthesised starting material glass (containing approx. 1500 ppm of Zr) that was free of any relic zircon crystals. Measured Zr-melt contents that were established in this case by crystallisation of zircon from a strongly zircon oversaturated melt perfectly align with the systematic trend obtained from the zircon dissolution experiments at higher temperature. This would not be expected if diffusion would inhibit close approach to equilibrium as this should result in underestimation of melt Zr contents in the dissolution experiments (975-825 °C) and overestimation of the Zr content at 800 °C in the zircon crystallisation experiment.
Pyroxenes
Pyroxene compositions were recalculated into molar proportions of pyroxene endmembers: enstatite (Mg 2 Si 2 O 6 , En), ferrosilite (Fe 2 Si 2 O 6 , Fs) and wollastonite (Ca 2 Si 2 O 6 , Wo) and are plotted in the pyroxene quadrilateral in Fig. 7 . Additional pyroxene endmembers such as CaAl 2 SiO 6 (Ca-Tschermak pyroxene) or Na-and Ti-bearing endmembers were ignored due to their minor abundance (0.003-0.030). Calcium was, thus, entirely assigned to the wollastonite component. Low-Ca orthopyroxene compositions define a continuous trend with decreasing temperatures towards lower x Mg values (from 0.77 to 0.50). This trend is in agreement with the liquid line of descent of the residual liquids with a relative increase of the FeO/MgO ratio with ongoing differentiation. Only orthopyroxenes formed at 800 °C are faintly off this general evolution since they exhibit a slightly higher enstatite component than the ones stable at 825 °C pointing towards a slightly more enhanced Fe-loss in the 800 °C experiment. The starting material used for the 800 °C run (TML_SM1) has lost 10% of its initial FeO during synthesis. Unfortunately, we could not calculate the iron loss in the 825 °C charge due to the presence of Fe-Ti-oxides, but supposedly it is distinctly lower than 10% because of the rather low run temperature. Alternatively, it has been shown by Speidel and Osborn (1967) and Martel et al. (1999) that under rather oxidising conditions FeO/MgO ratios of pyroxenes (and amphiboles) are lower than under moderately to slightly reducing conditions due to the stabilisation of Fe 3+ in the melt and consequently lower amounts of ferrous iron available for mineral formation. Therefore, a significantly higher fO 2 in run FM18 at 800 °C compared to FM12 at 825 °C could as well explain the observed inversion of the general Fe-Mg orthopyroxene trend. However, it is questionable if the rather small difference in fO 2 based on Co-Pd redox sensors of 0.3 log units between the two runs is sufficient to explain the inversion of the x Mg . Wollastonite components of orthopyroxenes vary between 2 and 5% with no clear trend discernible with decreasing temperature. The reported orthopyroxene composition at Fig. 5 Residual melt compositions plotted in the alumina saturation versus peralkalinity index diagram (ratios calculated on a molar base). Experimental liquids evolve from metaluminous to peraluminous with decreasing temperature. The green square represents the bulk tonalitic starting material composition (TML) and the blue dots correspond to experimental liquids (3) 0.02 (2) 17.81 (11) 5.05 (10) 0.12 (3) 2.93 (8) 6.90 (10) 3.06 (8) 1.66 (3) (23) 0.12 (5) 2.77 (8) 6.31 (13) 3.15 (18) 1.75 (6) 100.00 1403 (54) Opx 5 54.68 (42) 0.24 (4) 0.11 (2) 1.62 (40) 14.25 (17) 0.40 (2) 27.09 (19) 1.81 (12) 0.01 (1) 0.02 (0) (3) 0.01 (2) 33.91 (41) 0.43 (10) 0.02 (2) 0.07 (7) 16.75 (42) (2) 0.01 (2) 17.38 (11) 5.37 (10) 0.12 (2) 2.44 (5) 5.94 (11) 3.29 (13) 1.87 (5) 100.00 1439 (36) Opx 6 53.88 (21) 0.33 (2) 0.07 (2) 1.93 (12) 15.74 (11) 0.43 (2) 25.73 (12) 2.07 (17) 0.02 (1) 0.03 (2) 100.23
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Plag 4 54.60 (99) 0.08 (3) 0.02 (1) 28.69 (41) 0.37 (6) 0.00 (0) 0.01 (2) 10.97 (45) (3) 0.01 (1) 0.12 (2) 0.20 (1) 0.00 (0) 0.02 (1) 0.08 (3) 0.01 (2) 0.00 (0) 101.42
Mt SEM (2) 0.59 (8) 4.21 (50) 0.12 (2) 1.19 (0) 85.41 (30) 0.84 (10) 0.36 (24) 0.21 (2) 0.00 (4) 0.03 (1 725 °C was most probably contaminated during measurement by unnoticed Fe-Ti-oxide inclusions explaining its high TiO 2 content of 2.28 wt%. Clinopyroxene compositions fall in the augite compositional field and define a distinct trend towards lower Wo (0.41-0.35) and higher Fs contents (0.12-0.21) with decreasing temperature together with an only limited decrease in the enstatite component. In general, calcium contents of clinopyroxenes are controlled by both temperature and iron content (Lindsley 1983 ). In the present case, were clinopyroxene always coexists with orthopyroxene, a decrease in temperature results in increasing Ca-contents controlled by the topology of the Opx-Cpx solvus. In contrast, Fe-enrichment at constant temperature causes a shrinkage of the solvus and thus decreasing Ca-contents. Consequently, clinopyroxene compositional trends of our experiments are predominantly controlled by Fe-enrichment resulting in the observed decrease of their Ca-contents.
Amphiboles
Equilibrium amphiboles stable in successful experiments (rims as well as relic cores) are of Mg-hornblende composition. Amphibole analyses were recalculated using the amphibole normalisation algorithm RAMP (Spear and Kimball 1984) with an empirically fixed Fe 3+ /Fe tot ratio of 0.20 compromising between a value of 0.31 determined by Mössbauer spectroscopy on compositionally very similar natural amphiboles from the adjacent, coeval Bergell tonalite pluton (Reusser 1987 ) and a value of approximately 0.12 obtained by Clowe et al. (1988) in an experimental study on Mg-hornblende equilibrated at 650 °C, 100 MPa and fO 2 conditions corresponding to the Ni-NiO (NNO) and fayalite-magnetite-quartz (FMQ) equilibria. Figure 8 illustrates the evolution of selected compositional parameters for experimental amphiboles with ongoing differentiation. Beside equilibrium amphiboles (red symbols), crystal cores (black symbols) identified in the experiments from 825 to 900 °C were additionally plotted. Grey shaded areas indicate compositional ranges covered by natural, zoned amphiboles from an adjacent, compositionally identical tonalite (Blumone tonalite, data taken from Bole (2012)). Cores are basically invariant in terms of composition among the different charges and overlap with natural amphibole compositions confirming that they represent relic fragments of natural hornblendes originating from the starting material. With decreasing temperature, silica contents increase continuously from 6.6 at 900 °C to 7.1 atoms per formula unit (a.p.f.u.) at 700 °C (Fig. 8a) . Concomitantly, Al concentrations decrease from 1.7 to 1.1 a.p.f.u., principally related to decreasing tetrahedral aluminium (Al IV ) from 1.44 to 0.87 a.p.f.u., while Al VI contents show no clear trend varying in the range 0.17-0.34 a.p.f.u. The Fe 2 -Mg 2+ exchange vector (Fig. 8b) is negatively correlated with temperature ranging Fig. 8c ) implying that the extent of the Ti-Tschermaks vector diminishes with decreasing temperature. The slope of ~ 3 for Ti vs. Al IV infers that Al IV is about 1:1 controlled by regular and Ti-Tschermak's exchange reactions. Sodium contents on the A-site (Na A ) exhibit a distinct positive correlation with tetrahedral aluminium from 0.11 to 0.35 a.p.f.u. (Fig. 8d) illustrating the well-known effect of temperature on the edenite exchange vector (e.g. Holland and Blundy 1994) . With the exception of Ti-contents (Fig. 8c) , the compositions of the natural, zoned amphiboles match well the experimental data corresponding to temperatures of 850-700 °C reflecting continuous growth of amphibole along the liquid line of descent. The slightly higher Ti-contents of the experimental amphiboles is related to an enhanced titanium activity in the experimental charges due to slightly lower experimental fO 2 conditions with respect to the natural case (for more details, see "Discussion" section). Crystallisation temperatures of experimental amphiboles were calculated using the richterite-edenite thermometer by Holland and Blundy (1994) to verify attainment of equilibrium. Resulting temperatures deviate 6-43 °C from effective run temperatures and, thus, lie within reported algorithm uncertainties of 35-40 °C. Only for amphibole stable at 700 °C the calculated temperature is with 766 °C distinctly too high. An increase in the mismatch with decreasing temperature can be related to the increasing iron contents of amphiboles (19.65 wt% at 700 °C) leading to higher uncertainties on recalculated ferric iron concentrations. Since quartz is coexisting with amphibole in this run, calculation was repeated employing the edenite-tremolite thermometer by Holland and Blundy (1994) yielding 732 °C, perfectly agreeing within error with the equilibration temperature. In addition, we applied the models of Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) (2012)) 84 Page 18 of 29 850 °C agree within error with the experimental run conditions, while amphibole compositions from 825 to 700 °C result distinctly lower pressures (around 100 MPa) and highly variable temperatures. It has to be noted that the algorithms from Ridolfi and Renzulli (2012) perform slightly better in reproducing the experimental conditions, while Ridolfi et al. (2010) result error messages for the experimental amphiboles stable at 825, 775, 750 and 700 °C.
Plagioclases
Anorthite contents of plagioclases are based on the molar proportions of the feldspar endmembers recalculated from EPMA analyses. Figure 9 shows average anorthite contents (x An ) of plagioclases in equilibrium with residual melt (red dots) as well as relic, more albite-rich zones found in experiments between 825 and 875 °C (black dots). Anorthite contents of crystal rims of natural plagioclases from the Blumone tonalite (Bole 2012) are indicated by the grey shaded area. Due to the rather high compositional variability of newly grown experimental plagioclase crystals, errors on average compositions are relatively high. Nevertheless, a clear trend of continuously decreasing anorthite contents of experimental plagioclases with decreasing temperature from about 0.85 at 975 °C to 0.54 at 700 °C is discernible. Potassium contents exhibit a similar variability with an overall increase with decreasing temperature from 0.04 to 0.10 wt% at 975-925 °C to 0.27-0.46 wt% at 775-700 °C. Compositions of relic plagioclase zones vary slightly among different runs (x An = 0.53-0.58), but show no distinct trend with temperature. Anorthite contents of natural plagioclase rims are restricted to the lowest compositional range covered by the experiments and the natural relicts and extend to considerably lower values indicating that the rims of natural plagioclases mostly crystallised close to and at the solidus in the granite minimum (that was not reached in the experiments).
Discussion
Before discussing our results in detail, we emphasise that our experiments were all conducted under water-saturated conditions (although the presence of minor CO 2 in the bulk system cannot be excluded). Several studies (e.g. Gardner et al. 1995; Lowenstern 2001) showed that intermediate arc magmas are not implicitly H 2 O-saturated when they reach shallow levels but additionally contain significant amounts of CO 2 (leading to a diminished activity of water due to the presence of a mixed fluid phase). Phase equilibria of water-undersaturated magmas can differ significantly when compared to saturated ones. Therefore, crystallisation of H 2 O-CO 2 bearing andesites or dacites represents another possible magmatic process driving residual liquids towards highly differentiated compositions (e.g. Martel et al. 1999) that are not discussed here.
Comparison with previous studies
At 200 MPa, liquidus temperatures for water-saturated tonalitic/andesitic systems were established multiple times around 1000 °C (Eggler 1972; Eggler and Burnham 1973; Piwinskii 1973; Martel et al. 1999; Hammer et al. 2002; Botcharnikov et al. 2008; Andújar et al. 2016) , in agreement with our experimental findings. Reported near-liquidus phase assemblages (melt + plag + cpx + opx) coincide with this study although exact crystallisation sequences and phase saturation temperatures differ significantly. This is related to the high sensitivity of the stability fields of mafic minerals on bulk system compositions and, thus, on small chemical variations between different starting materials utilised in the various studies. In particular, the onset of amphibole crystallisation is rather variable. Moore and Carmichael (1998) as well as Piwinskii (1973) reported amphibole as a near-liquidus phase while Eggler (1972) , Eggler and Burnham (1973) , Martel et al. (1999) , Hammer et al. (2002) , Rutherford and Devine (2003) , Botcharnikov et al. (2008) and Andújar et al. (2016) observed amphibole appearance at considerably lower temperatures (around 900 °C). Only at pressures distinctly higher than 200 MPa, amphibole becomes a liquidus phase in intermediate magmatic systems (e.g. Allen et al. 1975; Alonso-Perez et al. 2009 ). A possible explanation for the early amphibole saturation in the experiments of Moore and Carmichael (1998) could be the significantly higher fO 2 conditions of their runs (around NNO + 2), since Martel et al. (1999) (2012)) water-saturation, highly oxidising conditions (NNO + 2 to NNO + 3) enhance the thermal stability of amphibole by up to 60 °C compared to moderate oxygen fugacity due to the increased availability and the preferred incorporation of ferric iron in amphiboles with respect to coexisting pyroxenes. In case of Piwinskii (1968) and Piwinskii (1973) , we suggest that pyroxene crystals formed in his high-temperature runs were possibly misidentified as amphiboles, as small amounts of mafic phases can hardly be distinguished unequivocally with XRD techniques; this would explain the apparent stability of amphiboles at high temperatures and the inferred absence of any pyroxenes in the vicinity of the liquidus. Interestingly, in the experiments performed by Eggler (1972) , Martel et al. (1999) , Hammer et al. (2002) , Rutherford and Devine (2003) and Botcharnikov et al. (2008) amphibole is coexisting with orthopyroxene as in our runs, indicating that amphibole is formed by a peritectic reaction between clinopyroxene and residual melt (Holloway and Burnham 1972) . On the contrary, Andújar et al. (2016) reported coexistence of amphibole and clinopyroxene in the absence of orthopyroxene. This observation points towards an amphibole-forming peritectic reaction of the type (i) opx + liq = amph + cpx, while our experiments and the previously mentioned studies favour the alternative reaction (ii) cpx + liq = amph ± opx. The first occurrence of amphibole in calc-alkaline magmatic systems is related to a diverging peritectic point (Sisson and Grove 1993; Nandedkar et al. 2014; Blatter et al. 2017; Ulmer et al. 2018) inferring that the first occurrence, the stoichiometry of the amphiboleforming reaction and the coexisting phase assemblage (cpx or opx with amphibole) can vary significantly and is very sensitive to bulk system composition, especially to the level of alumina saturation (or more precisely the normative cpx-component) at the onset of amphibole crystallisation. Reconstructions of the phase diagram for differentiating calc-alkaline rocks are provided by Blatter et al. (2017) and Ulmer et al. (2018) , illustrating and discussing the topography of the amphibole distributary reaction boundary. In general, a higher alumina saturation of the system (higher ASI, lower normative cpx) favours the formation of amphibole at the expense of clinopyroxene through the peritectic reaction (ii, cpx + liq = amph ± opx), while a magma with a lower alumina saturation (higher normative cpx) evolves along the crystallisation path (i, opx + liq = amph + cpx). Thus, a higher alumina saturation index (ASI) of 0.91 for our tonalite starting material compared to the Santorini Upper Scoriae 1 andesite (ASI of 0.76) investigated by Andújar et al. (2016) explains the contrasting amphibole-forming reactions at the onset of amphibole crystallisation. However, additional parameters influencing the position of the amphibole peritectic point are x Mg and fO 2 impeding the localisation of the reaction boundaries in a simplified compositional space.
The stability fields of Fe-Ti-oxides in intermediate magmatic systems are strongly dependent on oxygen fugacity as well as initial contents of TiO 2 and FeO tot of the employed starting materials. Thus, published experimental studies reveal a large scatter of Fe-Ti-oxide saturation temperatures. Overall, a majority of previous studies (Piwinskii 1968; Hammer et al. 2002; Rutherford and Devine 2003; Botcharnikov et al. 2008; Andújar et al. 2016 ) identified magnetite as the dominating Fe-Ti-oxide species with saturation temperatures between 900 and 1000 °C. Reported fO 2 conditions of these experiments vary between NNO and NNO + 2. Their findings contrast with our experiments, where ilmenite represents the dominant Fe-Ti-oxide, rarely coexisting with magnetite or ulvospinel (900, 850 and 825 °C) and being replaced by magnetite in the lowest temperature run at 700 °C. Based on this observation, we infer that oxygen fugacities in our runs were consistently slightly lower than NNO although applied redox sensors yielded values in the range of NNO ± 0.5. Generally, arc magmas span a rather wide range of fO 2 conditions (NNO − 1 to NNO + 2) (Gill 1981) and could even be subject to auto-oxidation during fractional crystallisation because of the removal of minerals containing predominantly ferrous iron (Ulmer et al. 2018 ). Therefore, this study is not applicable to all intermediate systems, in particular with respect to the stability fields of Fe-Ti-oxides and (consequently) FeO/TiO 2 contents of residual liquids that are sensitive to changes in fO 2 conditions.
Melt compositions and liquid line of descent
Chemical compositions of residual melts fall on the general calc-alkaline differentiation trends with increasing SiO 2 and decreasing contents of Al 2 O 3 , CaO, FeO tot and MgO with decreasing temperature and evolve from andesitic to high-silica rhyolitic. Experimental liquids are quartz-normative and evolve from metaluminous to slightly peraluminous between 925 and 900 °C and a silica content of 66-68 wt%. Peraluminous calc-alkaline rock have often been regarded as the product of contamination or assimilation of mantle-derived magmas with partial melts from a sedimentary source rock (e.g. Clemens et al. 2011) , although several previous experimental studies (Muntener et al. 2001; Ulmer 2007; Blatter et al. 2013; Nandedkar et al. 2014; Ulmer et al. 2018) showed that in a limited pressure range of 0.7-1.2 GPa, peraluminous liquids can be derived by fractional crystallisation from metaluminous mafic parents due to the predominant crystallisation of clinopyroxene and amphibole. At lower pressures, the suppression of early clinopyroxene crystallisation due to a shift of the olivine-clinopyroxene cotectic towards more cpx-rich compositions (e.g. Grove et al. 1992) and the dominating presence of anorthite-rich plagioclase (Alonso-Perez et al. 2009 ) inhibit a melt evolution towards corundum normative compositions. However, our results clearly reveal that under water-saturated low-pressure conditions, peraluminous rhyolitic liquids (SiO 2 > 68 wt%) can be generated by equilibrium crystallisation of an intermediate andesitic/tonalitic magma. The transition from alumina saturated to oversaturated between 925 and 900 °C coincides with the stabilisation of amphibole. Cawthorn and Brown (1976) already demonstrated that amphibole fractionation is a major process controlling the evolution of residual melts from metaluminous to peraluminous. Likewise, clinopyroxene crystallisation is an efficient way to drive residual liquids towards peraluminous compositions (Chappell et al. 2012) . Consequently, in our experiments, Al 2 O 3 is concentrated in the residual liquid relative to CaO due to the early crystallisation of clinopyroxene at high temperatures (975-900 °C), followed by amphibole from 900 down to 700 °C resulting in the evolution trend into the peraluminous compositional field.
Residual melt fraction and rheological implications
To understand the emplacement and subsequent petrophysical evolution of magma reservoirs at upper crustal levels, knowledge on magma rheology is crucial. Several parameters that control magma rheology (e.g. viscosity or density) depend on crystallinity (crystal fraction), which is a direct function of temperature for a specific magmatic system. For intermediate compositions, the only available experimental datasets on residual melt fraction evolution over the entire temperature range from liquidus to solidus were presented by Piwinskii (1968) and Piwinskii (1973) . Melt fractions were, however, established by visual estimation and, thus, are questionable. The melting experiments performed in this study complement these data from 700 to 1000 °C, where residual melt fractions were calculated by mass balance regression supplemented by image processing for experiments in the critical range (700-850 °C). To apply the residual melt fraction trend to basic principles on magma rheology, values had to be transformed from weight percent (wt%) to volume percent (vol. %). For this, densities of experimental residual liquids were calculated after the method described by Lange and Carmichael (1987) . H 2 O contents of residual liquids were derived by MagmaSat (Ghiorso and Gualda 2015) assuming saturated conditions and calculated concentrations varied between 6.0 and 6.4 wt%. Mineral densities were estimated with the MATLAB toolbox from Abers and Hacker (2016) assuming ideal mixing among mineral endmembers for plagioclase, pyroxenes and biotite. For amphibole, the implemented phase "hornblende" was used as an approximation. Calculated densities of mineral phases do not vary significantly over the studied compositional range but still reveal consistent evolution trends (densities of mafic phases continuously increase with differentiation due to increasing iron content and plagioclase densities decrease due to increasing albite contents). Figure 10 compares residual melt fraction from this study with data from Piwinskii (1968 Piwinskii ( ), (1973 and a modelled melt fraction evolution calculated with the thermodynamic software package rhyolite-MELTS (Gualda et al. 2012) . MELTS calculations were performed on the bulk chemical composition of the starting material TML and an oxygen fugacity fixed at NNO. System H 2 O content was reduced from 6 to 5.4 wt% since with the former value the MELTS algorithms did not converge on a liquidus temperature due to the presence of a free fluid phase when the model attempts to converge on a single-phase melt.
Considering our own data, three major phases of melt fraction evolution with temperature can be identified: an initial near-linear correlation with decreasing temperature from the liquidus down to 850 °C, followed by a second segment forming a plateau between 55 and 45 vol. % from 850 to 750 °C and a third segment characterised by a rapid linear drop towards the solidus (750 to < 700 °C) coinciding with the onset of quartz crystallisation. We attribute the occurrence of this melt fraction plateau to the observation that residual melts are already approaching a rhyolitic composition around 875 °C (SiO 2 > 71 wt%), inferring that only minor additional crystallisation (mainly plagioclase with very limited mafic phases) occurs upon further cooling until quartz saturation is finally reached between 725 and 750 °C. Data from Piwinskii (1973) agree with our findings down this study Piwinskii (1968) MELTS calculations Piwinskii (1973) Error bars are only shown in case they are larger than the symbols. Orange triangles correspond to melt fractions reported by Piwinskii (1968) and red diamonds to data by Piwinskii (1973) . In both studies, melt fractions were established based on visual estimation. The green dotted curve represents the evolution trend modelled with rhyolite-MELTS (Gualda et al. 2012) (see text for more details) to 850 °C but instead of exhibiting a plateau-like behaviour, the melt fraction continues to decrease linearly towards the solidus. The Piwinskii (1968) data align consistently and distinctly at least 10 vol. % below our results and, thus, permanently underestimate the residual melt fractions for a given temperature. The melt fraction evolution trend calculated with MELTS results a rather similar evolution pattern with decreasing temperature as our data, varying by 5-10 vol. % around the experimental trend from 975 to 775 °C. At 800-825 °C, a slight flattening out, similar to but less distinct compared to our experiments, can be observed. The rapid decrease in residual melt fraction below 775 °C indicates that MELTS predicts quartz saturation at slightly higher temperatures. Consequently, the granitic minimum with the eutectic crystallisation of kfsp + plag + qtz ± biotite is reached earlier resulting in a solidus temperature of 735 °C. The deviation of the rhyolite-MELTS trend from the experimental one at temperatures in excess of 975 °C is related to an overestimation of the liquidus temperature (1023 °C).
Focussing on our experimental results, a magma crystallinity of 40-55 vol. %, the so-called rigid percolation threshold (RPT) (Vigneresse et al. 1996) , is reached between 880 and 750 °C. In this temperature range, tonalitic magma reservoirs cross the transition from a mobile magma (dilute crystal suspension) with the potential to be eruptible to a rather rigid crystalline mush. The observed plateau between 850 and 750 °C infers that water-saturated intermediate composition magma reservoirs remain in this rheologic transition zone for a long-time period and might become remobilised by injection of hotter, more primitive magmas from lower levels. The melt fraction-temperature relationship further infers that at 200 MPa, an andesitic/tonalitic magma is only able to erupt to the surface or move as an integral magma body when its temperature exceeds 850 °C. Such temperatures are further constrained by thermal modelling of the contact aureole of the Southern-Central Adamello Batholith by Floess and Baumgartner (2015) resulting that the peak metamorphic conditions and extent of the contact aureole required tonalite magma temperatures at the time of emplacement of 850-950 °C. At lower temperatures, the magma viscosity becomes too high for efficient movements due to crystal interlocking. Under these conditions, other processes will take over, most prominently deformation-assisted extraction of interstitial liquids from the crystal mush, e.g. favoured by strain partitioning forming melt-enriched and crystal-rich regions (Pistone et al. 2013) or realigning of crystals in the mush over prolonged time periods during compaction (crystal repacking) (Bachmann and Huber 2019) . At 40 vol. % crystallinity (875 °C), the experimental liquid is already of a rhyolitic composition (71 wt% SiO 2 ) and becomes high-silica rhyolitic at 55 vol. % crystal content (77.5 wt% SiO 2 ). This observation supports the model of Bachmann and Bergantz (2004) and Bachmann and Huber (2019) on the formation of crystal-poor rhyolites, which is based on the observations by Bachmann et al. (2002) or Schmitt et al. (2003) that interstitial liquids of intermediate composition magmatic bodies are of rhyolitic composition at crystallinities of 40-50 vol. %. Consequently, extraction of high-silica rhyolitic liquids through a combination of hindered settling, compaction with crystal repacking/ micro-settling and compaction with crystal deformation is a plausible process while large intermediate magma bodies are cooling from 880 to 750 °C. These liquids may then rise towards the surface and erupt as crystal-poor rhyolites leaving behind a crystalline mush at depth. In case of perfect melt extraction, mush residues with gabbroic cumulate mineral assemblages (plag dominated with amphibole and pyroxenes) are left behind. However, since perfect melt extraction is a rather unlikely process in nature, some residual liquid will remain as intercumulus phase in the crystal framework. Upon further cooling and solidification, this melt will modify the cumulate mineral assemblage (peritectic formation of additional amphibole at the expense of orthopyroxene as well as late-stage crystallisation of biotite, quartz and potassic feldspar) resulting in a rock resembling in terms of mineralogy and chemistry a mafic tonalite as partly observed and identified as residuum after (limited) melt extraction in the Adamello Batholith (Fiedrich et al. 2017) .
Comparison with natural rock record
Natural rocks in the Tertiary Adamello Batholith in Northern Italy span a wide range of bulk chemical compositions ranging from mantle-derived primitive high-Mg basalts to aplitic dikes with high-silica rhyolitic compositions. Therefore, we compare our experimental liquid line of descent (LLD) with the existing natural rock record. For this approach, we selected XRF bulk rock data (Bianchi et al. 1970; Del Moro et al. 1983; Macera et al. 1983; Ulmer et al. 1983; Blundy and Sparks 1992; Verberne 2013; Hurlimann et al. 2016; P. Ulmer, unpublished data) covering the compositional range of the experimental series (intermediate to more differentiated granitoids and dikes), i.e. all rocks with SiO 2 distinctly lower than the starting material (60.8 wt%) were neglected. Additional care was taken to avoid rocks clearly representing cumulates or crystal mushes that lost interstitial melts due to late-stage magmatic processes. Natural data are plotted together with experimental liquids as binary oxide variation diagrams in Fig. 11 .
Overall, the natural rock record agrees well with the experimental liquid line of descent, implying that intermediate and more evolved plutonic rocks in the Adamello are genetically related where the later can be generated by lowpressure differentiation through equilibrium crystallisation of the previous ones and melt extraction at various stages. However, since trends defined by natural data are (nearly) linear for most oxides the possibility of mixing between different magmas being involved in the formation and differentiation of the Adamello intermediate rocks cannot be excluded a priori. Subtle differences between experimental and natural compositional trends can be observed for some oxide components and/or for particular rock suites. TiO 2 (Fig. 11a) shows the largest discrepancy between experiments and Adamello data, since even the evolution pattern is different (continuous decrease in case of the natural rocks compared to an initial increase followed by a decline for Fig. 11 Major oxide variation diagrams comparing plutonic rocks from the Adamello Batholith (Bianchi et al. 1970; Del Moro et al. 1983; Macera et al. 1983; Ulmer et al. 1983; Blundy and Sparks 1992; Verberne 2013; Hurlimann et al. 2016; P. Ulmer, unpublished the experimental LLD). This mismatch can be explained by the saturation behaviour of Fe-Ti-oxides. Experimental fO 2 must have been slightly lower than in the natural case resulting in a delayed saturation of ilmenite or magnetite and, thus, less efficient removal of TiO 2 from the melt. In fact, Blundy and Sparks (1992) performed oxybarometry on mafic rocks from the Val Fredda Complex and established oxygen fugacities around NNO + 0.5 to NNO + 1, which are about 1 log unit higher than experimental ones constrained by Co-Pd redox sensors (around NNO ± 0.5). This explanation is supported by the FeO characteristics (Fig. 11c) Blundy and Sparks (1992) and Nimis and Ulmer (1998) concluded that the Val Fredda magmas experienced a highpressure fractionation prior to emplacement at shallow levels. Differentiation at high pressures in the lower crust results in residual liquids with higher alumina contents and a pronounced affinity towards peraluminous compositions (Nandedkar et al. 2014; Ulmer et al. 2018 ) and, thus, explains the deviation of the Val Fredda unit from the general Al 2 O 3 differentiation trend. Natural CaO (Fig. 11d) and MgO (Fig. 11e ) evolution patterns are perfectly reproduced by the experimental liquid line of descent. Furthermore, the agreement is convincing in case of the alkalis (Fig. 11f , g) . With the exception of some highly differentiated rocks of minor volumetric extent with higher potassium and lower sodium contents the natural data follow the experimental trends. This apparent mismatch in the alkali contents between these high-silica rocks and the experimental trend is most likely linked to the hydrothermal-magmatic origin of the later, representing originally high-silica rhyolitic melts extracted from crystallising tonalitic mushes on small, local scales (as described in the previous section), which have later been modified chemically by late-stage magmatic fluids (and/or melts) with distinctly higher concentrations of potassium. Remarkably, the Val Fredda rocks exhibit higher Na 2 O and lower K 2 O contents compared to the experimental data set. This can be related to (1) the low-K characteristics of this unit and (2) diminished plagioclase fractionation due to high-pressure differentiation. The mismatch between Adamello plutonics and experimental data in terms of x Mg (Fig. 11h) can again be related to higher FeO contents of experimental residual liquids due to lower fO 2 conditions during differentiation.
Zircon saturation
Zircon represents the most important accessory mineral phase in intermediate to felsic magmatic systems as it (1) Nevertheless, these saturation models have been extensively applied to predict crystallisation temperatures of zircons for natural rock samples targeting at quantifying temperature (and or crystallinity) conditions of zircon crystallisation and linking this information with ages or ageranges determined by U-Th-Pb geochronology (e.g. Barboni et al. 2015) . However, in most cases, this procedure is not straightforward as it is a major challenge to estimate the zirconium content of the melt and its chemical composition at the onset of zircon crystallisation. Our data offer the unique opportunity to test the application of these zircon saturation models to a natural calcalkaline system taking advantage of the fact that we know the chemical evolution of the residual melt composition with decreasing temperature. This allows us to directly calculate zirconium saturation levels for each experiment for all four published saturation models and compare modelled with measured zirconium contents of the experimental liquids (Fig. 12 ). In the experimental system doped with 1420 ± 80 ppm of Zr, zircon is first present in the experiments at 950-975 °C indicating that Zr-melt contents for lower temperature runs correspond to zircon saturation levels. With respect to our measured experimental data (blue curve), all four models significantly overestimate zircon solubility at temperatures below 850 °C. Watson and Harrison (1983) In a next step, we evaluated the predicted zircon saturation temperature for the studied tonalite rock. For this, we require (1) the initial bulk magma zirconium content and (2) the subsequent evolution of Zr concentrations of residual liquids with ongoing differentiation. Averaged bulk rock XRF and LA-ICP-MS data (e.g. Verberne 2013) of the tonalites of the specific unit of the Southern Adamello Batholith (TML) employed as starting material resulted a zirconium content of 95 ± 10 ppm. The evolution of residual melts during differentiation was modelled assuming partitioning of zirconium among the liquid and the experimentally observed mineral phases (ignoring any potential zircon crystallisation). Zirconium mineral-melt partition coefficients were taken either from literature (Bedard (2006) for plagioclase, Bedard (2014) for pyroxenes and Nandedkar et al. (2016) for amphibole) or from the GERM database (biotite and ilmenite, summary compiled in Electronic Supplementary Material ESM 5). Experimental phase proportions required for calculations were taken from Table 2 . The evolution of melt Zr contents was approached with the equilibrium crystallisation equation; results are shown by black squares connected by a black curve in Fig. 12 . The spike in the calculated trend at 800 °C is related to an inversion of amphibole and orthopyroxene proportions due to the incapability of the mass balance regression algorithm to distinguish between multiple mafic phases with similar compositions (as already discussed in the results section). Partition coefficients for zirconium are significantly higher for amphibole than orthopyroxene (more than a factor of ten) and a decrease in amph proportions and coeval increase in opx amounts thus explains the apparent reversal in the Zr-evolution trend as a function of temperature.
The onset of zircon crystallisation is predicted for each saturation model as the cross-over of the predicted Zr-melt trend with the respective saturation model curve. Therefore, our own Zr solubility data suggest zircon saturation at around 810 °C, while Watson and Harrison (1983) yield a temperature of 750 °C and Boehnke et al. (2013) , Gervasoni et al. (2016) as well as Borisov and Aranovich (2019) result saturation temperatures at or below 700 °C. Consequently, the more recent models severely overestimate zirconium solubility at low magmatic temperatures (< 800 °C) predicting zircon saturation temperatures close to or even below the inferred solidus. Referring back to Fig. 10 , established zircon saturation temperatures after Boehnke et al. (2013) , Gervasoni et al. (2016) and Borisov and Aranovich (2019) (≤ 700 °C) imply that all zircons present in the solidified tonalite must have crystallised at the final emplacement depth at shallow levels and none could have been derived from deeper reservoirs during magma ascent. Therefore, the age range observed for the zircon population is entirely assigned to emplacement and solidification at the level of final intrusion of the magma in the shallow crust because melt fractions at zircon saturation are below 15 vol. % and, thus, distinctly below the rigid percolation threshold (RPT) (45-60 vol. % melt) in the (immobile) mush-state of the magmatic system. This conclusion, however, challenges the common interpretation of multiple populations of zircon ages found in natural rocks where older zircons are inferred to have crystallised at deeper levels and brought up to shallow depths during magma emplacement (e.g. Schaltegger et al. 2009; Verberne 2013) , again exemplifying the ambiguity of the recent models at low magmatic temperatures. The natural rock record of the Southern Adamello intermediate to felsic granitoids reveals, in contrast, that zircon did not only crystallise at the very end of magmatic differentiation but over a significant temperature range as exemplified by Ti-in-Zircon temperatures determined by Broderick et al. (2015) ranging from near solidus (680-700 °C) to 850 °C. Likewise, Broderick (2013) 
Zircon saturation in experiments
Zircon saturation in Adamello rocks Fig. 12 Comparison of experimentally derived Zr contents of residual liquids (with zircon saturation reached at 950-975 °C) with predicted zirconium saturation levels calculated with existing saturation models (Watson and Harrison 1983; Boehnke et al. 2013; Gervasoni et al. 2016; Borisov and Aranovich 2019) . The modelled Zr-evolution of the natural tonalite used as starting material in this study is shown as black squares, while the grey hexagons correspond to compositions of natural rocks from the Adamello representing residual melts of the tonalitic system with temperatures calculated from their CaO contents. The yellow diamonds represent the results of the fractionation model proposed by Hurlimann et al. (2016) starting from a primary high-Mg basalt (see text for further explanations) and found idiomorphic zircons enclosed in amphibole and biotite that themselves contained ilmenite and apatite inclusions clearly indicating that zircon crystallisation initiated well above the solidus. In a last step, we compared our modelled zirconium melt evolution, the experimental data and the saturation model predictions with the natural rock record of the Adamello Batholith. We utilised bulk rock data representing evolved intermediate to felsic compositions covering the entire range from 60 to 77 wt% SiO 2 including highly evolved aplites representing residual liquids of the tonalitic system (Bianchi et al. 1970; Macera et al. 1983; Ulmer et al. 1983, Blundy and Sparks 1992; Verberne 2013; Hurlimann et al. 2016; P. Ulmer, unpublished data) . Analyses were grouped based on MgO contents and averaged resulting in nine different populations (grey hexagons) consisting each of 10-35 single data points. Temperatures of melt extraction from the tonalitic bulk system were estimated using a parametrisation for CaO (in wt%) based on the experimental liquid line of descent (T(°C) = (− 411.7 ± 33.0) * exp[− CaO/(4.35 ± 0.79)] + (1061.3 ± 39.4)) that closely follows the natural rock trend (Figs. 4 and 11) . Additionally, we employed the fractionation model for the Southern Adamello proposed by Hurlimann et al. (2016) to calculate the enrichment of zirconium in the residual liquid during fractional crystallisation of a high-Mg basalt representing the primary parental magma. This model includes five fractionation steps starting from a primary high-Mg basalt and ending with a melt of dacitic composition closely resembling residual liquids of our experimental series. Averaged analyses of the high-Mg basalt resulted 44 ± 5 ppm in the primary liquid that evolves to 102 ppm in the andesite and 113 ppm in the dacite. Only the last three steps of the model are shown in Fig. 12 by the yellow diamonds. The yellow band corresponds to the uncertainty range introduced by the standard deviation of ± 5 ppm on the initial zirconium content of the primary liquid. The Hurlimann et al. (2016) model perfectly overlaps in its last stages with the natural rock record (grey hexagons) as well as with the evolution of the differentiating tonalitic system calculated based on the experimental phase proportions (black curve).
Natural rocks overlap with the modelled tonalite trend from 1000 to 850 °C but show a sudden decrease of zirconium contents between 800 and 850 °C that we interpret as the onset of zircon crystallisation, agreeing well with a zircon saturation temperature of 810 °C predicted by our experiments. This further supports the validity of our modelling approach and again demonstrates the likely overestimation of Zr concentration of existing zircon saturation models at petrologically relevant conditions. A slightly lower absolute zirconium solubility for the natural rocks plotting at 800 °C (and 750 °C) of around 60 ppm compared to the experimental liquids (100 ppm at 800 °C) might be explained by the higher titanium activity of the later due to slightly more reducing fO 2 conditions (compare previous section). Ti and Zr both belong to the high-field-strength elements (HFSE) inferring that these components behave chemically similarly in magmatic systems implying that their activities might be coupled. Consequently, a higher Ti-activity in the melt could result in an increased solubility of zirconium and, therefore, explain the observed slight discrepancy between experimentally determined solubility levels and natural rocks plotting at low magmatic temperatures.
Overall, the experimentally determined Zr-saturation evolution as a function of decreasing temperature is consistent with modelled and naturally observed Zr concentrations. Inferred zircon saturation for the specific granitoids system investigated results in overall higher zircon saturation temperatures than predicted by existing models. However, these higher temperatures are more compatible with petrographic and thermometric observations inferring that zircon saturation occurred already considerably above the solidus. More generally, it is evident from Fig. 12 that the zircon saturation surface constrained by our experiments (blue curve) exhibits a rather steep slope from 850 to 800 °C with Zr-melt saturation contents decreasing from 300 to 100 ppm. The majority of global intermediate calc-alkaline rocks have comparable bulk rock zirconium contents covering this exact range (e.g. Cascades: 140 ± 60 or Andes: 150 ± 90, values compiled from various publically accessible data repositories, e.g. GEOROC, GERM) implying that zircon saturation occurs in a narrow temperature interval between 800 and 850 °C for most arc rocks in case they evolve along liquid lines of descent similar to the one derived in this study.
Conclusion
A series of melting experiments was conducted providing a consistent data set on the closed system differentiation of intermediate magmatic intrusion at a pressure of 200 MPa corresponding to 5-7 km depth. A well-defined crystallisation sequence from 1000 to 700 °C could be established with plagioclase, orthopyroxene and clinopyroxene identified as near-liquidus phases. Amphibole joins the solid assemblage at the expense of clinopyroxene at 900 °C co-precipitating with ilmenite and apatite. Biotite saturates at 750 °C and orthopyroxene disappears at 725 °C contemporarily with the onset of quartz crystallisation. In general, the observed mineral assemblages agree with previous studies, although published data on saturation temperatures and phase compositions especially for pyroxenes and amphiboles show a rather large variability. A number of parameters exert major control on mafic silicates' phase stabilities (e.g. bulk system composition or fO 2 ) as discussed in the "Results" section. Mineral and residual melt compositions obtained in this study reveal consistent trends with decreasing temperature, providing new constraints on the late-stage evolution of intermediate calcalkaline systems of similar composition. Residual liquids evolve from the metaluminous into the peraluminous compositional field at around 900 °C. Mafic mineral phases (pyroxenes and amphiboles) show a consistent decrease in x Mg and coexisting plagioclases in anorthite contents with decreasing equilibration temperature. Experimentally established melt fractions drop near linearly from 975 to 850 °C followed by a plateau at 55-45 vol. % between 850 and 750 °C and a final decrease from 750 to 700 °C, where still 15 vol. % melt persists. Our experimentally derived melt fraction-temperature relationship agrees rather well with rhyolite-MELTS calculations. Only when approaching the solidus, the modelled trend deviates from the experimental one. Thus, the MELTS algorithm can be applied to model the melt fraction evolution as a function of decreasing temperature in a cooling magma body even in hydrous magmatic systems. One should, however, keep in mind that the calculated phase assemblages are significantly different from the experimentally derived ones as rhyolite-MELTS does not result amphibole-bearing compositions over the entire crystallisation interval investigated. Plutonic rocks from the Adamello Batholith closely follow the major oxide evolution patterns exhibited by the experimental liquid line of descent. Subtle differences for TiO 2 and FeO can be explained by variations of fO 2 conditions during differentiation. Zircon saturation along the LLD was determined and agrees closest with the model of Watson and Harrison (1983) while the more recent calibrations (Boehnke et al. 2013; Gervasoni et al. 2016 ; Borisov and Aranovich 2019) severely overestimate zirconium solubility at conditions relevant for the investigated calc-alkaline system resulting in significant underestimation of saturation temperatures. The experimentally derived Zr-saturation behaviour is consistent with the natural rock record inferring zircon saturation at 800-830 °C and corresponding melt fractions of ca. 50 vol. %.
